sources. Since approximately 1970 a decrease in sediment siltation has occurred in several reservoirs of the Pyrenees, and this has been attributed mainly to a decrease in the geomorphological activity of south-facing slopes following farmland abandonment (Beguería 2006) . However, the subsequent expansion of forests and shrubs has had negative consequences; in particular it is considered the principal cause of extensive wildfires (MacDonald et al. 2000) .
The pressures on soil and water resources are increasing because of the existing socio-economic and environmental conditions, which are affected by land use changes, increasing temperature, uncertain precipitation trends, population growth, and an increasing proportion of urban inhabitants generating greater energy and food demands (López-Moreno et al. 2008) . To ensure good management of water resources/reservoirs it is necessary to estimate the rates of sediment delivery from upstream areas, and to assess the impact of various land management practices on sediment delivery. In this study annual soil erosion, and sediment delivery and yield rates were predicted for the Arnás River catchment (central Spanish Pyrenees) by coupling the revised universal soil loss equation (RUSLE) and sediment delivery distributed (SEDD) models. The Arnás River is a tributary of the Lubierre River (Aragón River basin), which contributes most of the inflow to the Yesa reservoir (one of the largest reservoirs in the Pyrenees). The Arnás River catchment is a small headwater catchment that has been subject to farmland abandonment and subsequent plant recolonization.
limited. The three gully systems of the study area are of limited extent, and they lack vegetation only in the inner parts.
The average annual precipitation from 1999 to 2008 was 926 ± 182 mm. Precipitation mostly occurs in autumn and spring, although intense short-duration convective storms are relatively frequent in summer.
The average annual temperature during this period was 9.8 °C. The catchment is representative of midaltitude Mediterranean mountain environments and land management evolution. It was completely cultivated with cereal crops in terraced fields until the middle of the 20th century, then progressively abandoned and naturally colonized by Genista scorpius, Echinospartum horridum, Juniperus communis, Rosa gr. canina and Buxus sempervirens. The north-facing hillslope now has dense vegetation cover, with large areas of Pinus sylvestris and Quercus faginea (Fig. 1c) . In contrast, the steeper and more sun-exposed south-facing hillslope is characterized by poorly developed open shrub cover. The main areas contributing sediment are: i) the bare sections of the taluses flanking the main stream where the flysch lithology crops out; ii) patches of land affected by severe sheet-wash erosion and trails related to present grazing activity, spread mostly across the steep south-facing hillslope; and iii) an unpaved and deteriorated road on the north-facing hillslope(Lana-
Renault and Regüés 2009).
The Yesa reservoir is one of the largest in the Pyrenees, and was constructed in 1959 to supply water to 60,701 ha of irrigated fields in the lowlands/Ebro Depression (northeast Spain) via the Bardenas Canal (Fig. 1b) . The reservoir drains an area of 2181 km 2 in the upper Aragón River basin. Downstream of the reservoir the Aragón River runs southward and flows into the Ebro River. Human activities in the area changed substantially during the 20th century. Most of the cultivated fields were abandoned (except in the Inner Depression) and are now colonized by shrubs or reforested with pines. Natural forests occur above 900 m a.s.l. on the north-facing hillslopes, and above 1400 m a.s.l. on both the north-and south-facing hillslopes.
Subalpine grasslands dominate above 1600-1700 m. The rapid transformation of land use largely explains the different sedimentation rates identified in the history of sediment accumulation in the Yesa reservoir ). The original capacity of the reservoir (470 hm   3 ) was recalculated by bathymetry in 1986 to be 450 hm 3 (CEDEX 1988) , which implies an annual average siltation rate of 0.79 hm 3 over the period . The Yesa reservoir is being enlarged (Spanish Hydrological Plan) to support an increase in irrigation area and to provide water for human consumption in the metropolitan area of the city of Zaragoza (almost 800,000 inhabitants in 2010).
The RUSLE model of soil erosion
The revised universal soil loss equation (RUSLE) model (Renard et al. 1997) cover management (C) and support practices (P):
The R factor assesses the effect of rainfall impact on the soil surface as well as the magnitude of runoff, and is defined mathematically as the sum of the storm erosivity indexes (EI 30 ; MJ mm ha -1 h -1
) for all the erosive storm events during the year. An erosive event has a rainfall volume > 12.7 mm or a peak rainfall intensity > 6.35 mm in 15 min. The R factor is usually calculated from records of precipitation with a time interval of ≤ 30 min, but as in the case for our study site there is frequently insufficient data to compute R. Using the approach of Renard et al. (1997) and equation (2), López-Vicente et al. (2008) found very similar values of the R factor for a ten-year period in the Spanish Pre-Pyrenees, demonstrating the reliability of the selected approach. Soil erodibility is a complex property, but can be defined as the ease with which soil is detached by rain splash or runoff, or these factors in combination. The K factor is a lumped parameter that represents an integrated average annual value of the soil profile reaction to the processes of soil detachment and transport by raindrop impact and surface flow, localized deposition as a consequence of the topography and tillage-induced roughness, and rainwater infiltration into the soil profile (Renard et al. 1997) . This factor (Equation 3) is assessed as a function of the soil organic content or organic matter (SOC or OM; %), the product of the percentages of modified silt (2-100 μm) and sand (100-2000 μm) (M), the classes of aggregate structure (s), and the soil permeability ( 
The RUSLE model was used to establish four soil structure classes and six permeability classes (Renard et al. 1997 ). The latter property was calculated from field measured values of saturated hydraulic conductivity (K fs , mm day where p and q are two empirical exponents having values (p = 0.4 and q = 1.3) assigned by Moore and Wilson (1992) . As the RUSLE model was designed to estimate soil loss from planar slopes with uniform characteristics, the original equation of the model is not suitable at a catchment scale (Kinnell 2010). Equation 5 enables the model to be applied to hillslopes that are not uniform, and it is easy to incorporate it into a GIS application. This approach has been successfully used in studies of other Mediterranean areas including northeast Spain (Martínez-Casasnovas and Sánchez-Bosch 2000) and southern Italy (Di Stefano et al. 2000) .
In estimating the LS factor in this study, particular attention was paid to including the high values of slope steepness that occur in the scarps of gullies and the river course. The scarps in the study area only occupy 0.02% of the total surface area, but as they are located next to the Arnás River they represent important sources of sediments. Although it may not be possible in the RUSLE model to precisely represent the processes that take place in river taluses, gullies and scarps, an attempt was made to represent these conditions (bare soil surface and steep slope). The cover management (C) factor reflects the effects of cropping and management practices on erosion rates. The soil loss ratio (SLR i ) is an estimate of the ratio of soil loss under actual conditions to losses occurring under reference conditions (clean-tilled continuous fallow). An individual SLR i value was calculated for each time period i using Equation 6:
where the sub-factors for each time period i are the prior land use (PLU i ), the canopy cover (CC i ), the surface roughness (SR i ), the surface cover (SC i ), and the antecedent soil moisture (SM i ). Each SLR i value was then weighted by the fraction of rainfall and runoff erosivity (EI 30i , %) associated with the corresponding time period, and these weighted values were combined into an overall C factor value using Equation 7:
where EI 30t (%) is the sum of the EI 30i percentages for the entire time period, and n is the total number of time periods i. The values of the C factor range from 0 (total control of the erosion) to 1 (no effectiveness of cover/management practices). The sub-factors are defined by equations 8-11:
where C f is a surface soil consolidation factor, C b represents the relative effectiveness of subsurface residue in Antecedent soil moisture is an inherent component of continuous-tilled fallow plots, the effects of which are reflected in the soil erodibility factor. Hence, no adjustment was made for changes in soil moisture when calculating the C factor. For the elaboration of C factor maps in this study, those pixels associated with the main flow paths (the river and the permanent gullies) were considered to be areas of bare soil. The support practices (P) factor is the ratio of soil loss with a specific support practice on croplands to the corresponding loss with upslope and downslope tillage. In the Arnás catchment the P factor was set to a value of 1.0 because of the absence of any support practice.
Sediment delivery and sediment yield
Various numerical approaches are available for estimating the sediment fluxes according to the spatial and temporal scales considered in the equations as well as the number and types of processes. For large river basins the specific sediment yield index (SSY index) facilitates the integration of mass movement, hillslope erosion processes, transfer of sediments, and deposition processes (Delmas et al. 2009 ). For catchments of medium and small size the sediment delivery distributed (SEDD) model discretizes the study area into morphological units, and calculates the sediment delivery ratio for each unit (Ferro and Porto 2000) . In a spatially distributed approach, each cell i of the catchment is considered to be a morphological unit (areas of defined aspect, length and steepness), and thus the sediment delivery ratio for cell i (SDR i ) is the fraction of the gross soil loss from cell i that reaches a flow pathway that is a continuous stream system or a change in steepness or slope aspect. The SDR i was estimated as a function of travel time (t i , hr) according to equations 12−14 (Ferro 1997):
where β is the catchment-specific parameter (which primarily depends on watershed morphology and is In modeling sediment yield using the RUSLE and SEDD models we assumed that β = 1, following the method of Fernandez et al. (2003) and Fu et al. (2006) for catchments in the USA. Jain and Kothyari (2000) tested β between 0.1 and 1.6 (increments of 0.1), and reported that sediment yield was not very sensitive to the value of β. We assumed that SDR is time-dependent only, and that over a long period an ephemeral or permanent stream must transport all of the sediment to the outlet. The specific sediment yield for each cell i
) was estimated (Equation 15) using values of gross soil erosion obtained by the RUSLE model and the map of SDR i :
The predictive ability of coupling the RUSLE and SEDD models for an annual cycle was demonstrated at the catchment scale under Mediterranean conditions by Di Stefano and Ferro (2007) . The sediment transport effectiveness of a catchment decreases as t i increases, and consequently as catchment area (A w , ha) increases (López-Vicente and Navas 2010a). The annual intra-basin stored sediment (ISS W , %) is the total amount of sediment that temporarily accumulates in the basin during the year and does not reach the basin outlet (Beach 1994) . To improve assessment of the processes of soil redistribution in the study area, 
Field data
We included annual data on rainfall and suspended sediment yield in the catchment for seven water years (from 1 October to 30 September) during the period 1999−2008. The water years 2004/05 and 2006/07 were not included because of significant gaps in the datasets. Values of daily rainfall were collected using three tipping buckets located along the main stream; the buckets are connected to data loggers that record 0.2 mm precipitation increments. The gauging station was located at the outlet of the catchment (42°38′19″ N, 0°35′10″ W), and provided continuous recordings of water discharge and sediment transport (Fig. 1c) . The water level was measured using an ultrasound sensor and a water pressure sensor. Discharge was determined using established stage rating curves. The suspended sediment concentration (SSC) was determined using a turbidity meter that had previously been calibrated in the laboratory using material from the catchment. The calibration was performed three times following installation of the turbidity meter to test its robustness through time. All sensors were connected to data loggers recording average data every 5 min. In addition, (Fig. 1c) . The samples were air dried, ground, homogenized, quartered and passed through a sieve (2 mm) and the percentages of rock fragments, clay, silt, sand and soil organic content (OM) were estimated. Maps of the parameters required in equations 3 and 4 were created using the Splines Interpolator Method, which fits a minimum curvature surface through the input points. The method is based on a family of continuous, regular, and derivable functions. Splines are similar to the equations obtained from trend surfaces or regression-based methods. This method creates a new function for each location or sampling point with no loss of continuity properties among the curves (Mitasova et al. 1995) . Consequently, it is adequate for mapping the soil properties and parameters involved in soil erosion processes. The predominant soil aggregate type was medium or coarse granular, and only three soil samples had a blocky structure. These data and the saturated hydraulic conductivity measured for each soil type (range 130−1500 mm day -1 ) were used in equations 3 and 4 for calculating the soil erodibility factor. The parameters of net contributing area and slope steepness (LS factor) were calculated from the digital elevation model (5 × 5 m of raster spatial resolution) and a combined flow accumulation algorithm that provides an accurate spatially distributed description of the cumulative overland flow. A threshold value was derived from the map of flow accumulation to discriminate those areas dominated by non-concentrated overland flow (using a multiple flow algorithm from mountain divides to the beginning of the main overland flow pathways) from those with concentrated overland flow (using a single flow algorithm downwards from the beginning of the main overland flow pathways; more details are provided by López-Vicente and Navas 2010b). Three maps of the average annual C factor and flow velocity (Equation 14) were calculated for the various land use scenarios modeled in this study, and were incorporated into the RUSLE and SEDD models, respectively. All the input and output maps and mathematical operations were generated and run at a spatial scale of 5 × 5 m using ArcGIS 9.3 ® software.
Land use scenarios
A map of the land uses in the catchment was prepared based on visual interpretation of an aerial photograph taken in 2000 (0.5 m of raster cell spatial resolution; freely available at SIGPAC:
http://sigpac.mapa.es/fega/visor/) and field surveys (Fig. 2) . The scenario of vegetation recovery (VR-sc) was based on the process of plant colonization that commenced when the fields were abandoned. It is a complex process involving the interaction of a range of variables including: (i) time, which allows plant succession and an increase in the complexity of the structure of the plant community; (ii) the ecological conditions (both physical and biotic) of each abandoned field; and (iii) human activity, including the agricultural history of the field, and subsequent management by grazing, fire and clearing. In general, the abandoned fields of the central Pyrenees have passed through the following successional stages following abandonment (Molinillo et al. 1997) : (1) The scenario of scrub clearance (SC-sc) was based on programs implemented by certain regional governments to enlarge the grazing meadow areas and to avoid an increase in the incidence of fires, which has been one of the negative outcomes of land abandonment in the Spanish Mediterranean mountains. Scrub clearing has had positive results in the La Rioja region (northeast Spain; Lasanta et al. 2009 ), and has led to a reduced incidence of wildfires in the past decade, relative to their incidence during the 1970s and 1980s.
Mediterranean scrub species pose a high fire risk (Papio and Trabaud 1991) . Scrub clearing appears to be an efficient (not requiring large investments of time and money) means of management for marginal mountainous areas. There has been a significant increase in fire risk over large areas as a result of the spread of scrub and woodland, which is dominated by conifers. In addition, the expansion of thorny scrubs has reduced the potential to increase livestock numbers and reorganizing the extensive cattle management. In this context the regional administrations of Spanish autonomous communities including Andalusia, Asturias, Galicia and La Rioja have introduced specific measures that favor the regeneration of pasture land. These include the clearing of scrub in areas where slope steepness does not exceed 35% (to avoid intense soil erosion), with the aim of supporting extensive grazing, and the simultaneous creation of fire-breaks to reduce the risk of fire and limit fire extent. The conversion of abandoned fields and scrubland to grassland has produced good results in other Mediterranean areas (e.g. Stagliano et al. 1999; Lécrivain and Beylier 2004) , and is a relatively simple process involving mechanical clearing of the scrub and periodic introduction of livestock to prevent its re-establishment (Fernández-Alés et al. 1997) . From the middle of the 17th century (when the greatest stock numbers occurred) until the middle of the 20th century the number of sheep declined continuously. However, in the 1990s a slight change in this trend occurred as a consequence of subsidies under the CAP (Common Agricultural Policy). While scrub clearance could help to increase the available area for cattle grazing, the consequences of such programs on soil erosion and sediment yield are not well understood (Lasanta et al. 2001) . Consequently, evaluation of the SC-sc in this study may provide valuable information for policy makers and management authorities.
Results and discussion

Current land use scenario and results validation
The average value of the R factor was 1686 MJ mm ha -1 h -1 yr -1 for the period 1999/00-2007/08, and 1860
MJ mm ha -1 h -1 yr -1 for the seven water years analyzed in the study. However, there was marked interannual variability, with values ranging from 783 to 2740 MJ mm ha -1 h -1 yr -1 (Fig. 3a) . These values and their temporal variability are consistent with measurements of the R factor in other Mediterranean areas (e.g. ) (Fig 3b) . The LS factor map clearly identifies areas with the greatest runoff detachability and transport capacity, which result from the process of overland flow concentration and extreme steepness of the slopes. The SW-f hillslope had higher values for LS (average = 16.5) than did the NE-f hillslope (average = 13.8) (Fig. 3c) . The average value of the C factor for the existing land use scenario was 0.0055, with the highest values (low protection) found for the river, the main gully systems, areas of bare soil, the alluvial deposits and the unpaved trails (C > 0.08). ) levels of soil loss occurring in 93.4% and 1.6%, respectively, of the study area (Fig. 4) ; only 5% of the surface area of the Arnás catchment was affected by high erosion rates (> 2 Mg ha -1 yr -1 ). Areas of bare soil on hillslopes, trails, lots and areas with low vegetation cover adjacent to the river (alluvial deposits and the river talus) were affected by intense soil erosion. For these areas the annual average rates found ( The sediment delivery ratio (SDR; average value 0.18) progressively increased from the mountain divides to the outlet of the catchment (Fig. 4) . The spatial variation of the SDR can be explained by the location of the main overland flow pathways and the river, and the fact that the mathematical procedure of the SEDD model justifies the presence of some linear artifacts. The combined RUSLE and SEDD models estimated sediment flux rates ranging from 100 Spatial analysis of the results showed that the amount of eroded sediment exported from the catchment from the wood good, brush good and brush poor areas (total sediment yield 93 Mg yr -1 ) was similar to the amount exported from areas of bare soil (gullies and river talus), alluvial deposits and trails (70 Mg yr -1 ), even though the latter areas occupied 63-fold less of the total surface area (Table 1) . This demonstrates that the bare soil, alluvial deposit and trail areas (which are legacies of past human activities) were highly connected to the drainage network, and thus contributed substantially to the total sediment yield despite their smaller extent.
This finding is consistent with radionuclide analysis (Gaspar et al. 2011) , which showed a trend of intense modification of the natural dynamics of soil redistribution in areas subject to human disturbance, relative to forested areas. These values are also consistent with the results obtained for disturbed catchments where anthropogenic disturbance has played a major role in overall sediment flux (e.g. Matthew et al. 2008 ).
Moreover, the main sediment source areas predicted by the models quite accurately reflect the main sediment is covered with medium sized and large rock fragments, and the slumps located on the south-facing hillslope are disconnected from the drainage network, with the result that their net contribution to the total sediment budget is very limited.
Analysis of the predicted rates of sediment yield indicated a moderately strong relationship between the observed and predicted values which fitted a multiplicative (non-linear) model (Pearson's r correlation = 0.78; p < 0.05; standard deviation of the residuals = 0.22) that was statistically significant at the 95% confidence level (Fig. 5) . For values of measured sediment yield < 200 Mg yr -1 the RUSLE and SEDD models overestimated the total amount of sediment exported; conversely, for high rates of sediment yield the models underestimated the actual yield. During the water year 1999/00 a large rainfall event occurred that caused a debris flow (Dr. S. Beguería, EEAD-CSIC, pers. comm.), which explains the highest SY value recorded at the gauging station during the study period. The 1999/00 water year was a significant outlier in the correlation between the predicted and measured SY values; the correlation was improved significantly when this particular rainfall event was excluded from the analysis (linear correlation; Pearson's r correlation = 0.88). Moreover, a recent study that included data from the Arnás catchment demonstrated that most of the hillslope debris flows are triggered in the central Spanish Pyrenees by rainfall events with a 25-30 year return period (García-Ruiz et al. 2002) . As sediment yield is a non-normal variable, we also estimated the NashSutcliffe model efficiency coefficient, and derived a value of 0.72 when the water year in which the extraordinary debris flow occurred was excluded. This indicates that the model predictions are accurate for normal years, and highlights the usefulness of integrated approaches to analysis of soil erosion at the hillslope scale and sediment delivery through the main flow paths. Such integration leads to improved understanding of the entire soil and particle redistribution cycle, will aid sustainable catchment management and development, and helps address the increasing demand by the scientific community and policy makers for information of this nature (e.g. Owens and Collins 2006) . As the predicted average sediment yield was 19.5% less than the average yield measured at the gauging station, and because the predicted rates of soil erosion were within the same range as those quantified in previous studies, it is recommended that further research on the permanent water streams of the study area be undertaken using a specific hydrological model of sediment delivery.
Sediment yield under the scenarios of natural plant succession and scrub clearance
For the vegetation recovery (VR-sc) and scrub clearance (SC-sc) scenarios the average values of the C factor were 0.0054 and 0.0072, respectively, and the average predicted soil erosion rates were 2.55 and 3.01 Mg ha -1 yr -1 , respectively (Fig. 4) . These values represent a decrease of 3% in soil erosion under the VR-sc scenario and a significant increase (15%) under the SC-sc scenario. For each scenario these changes were strongly associated with the C factor, which reflects differences in canopy cover and soil properties. Improvements in soil properties occur in abandoned fields following plant recovery (e.g. Navas et al. 2008; Wang et al. 2011) , and soil loss areas increase with decreasing vegetation cover (e.g. Rivera et al. 2011) . Mirroring these patterns, the average sediment delivery ratio for the VR-sc was 17% lower than the average value under existing conditions, and the average SDR for the SC-sc was 5% higher. The combined effects of changes in soil erosion and sediment delivery led to a 16% decrease in the average specific sediment yield (0.54 Mg ha However, reactivation of the gullies, mass movements and an advance of the river talus could be expected under the SC-sc scenario, triggered by an increase in runoff as a consequence of the decrease in total vegetation cover. These results highlight the importance of coupling a soil erosion model with an equation for sediment delivery, which enables more accurate predictions of sediment yield rates because the same changes in land use trigger different degrees of change in the average and total values of soil loss and sediment transport. The spatially distributed changes in the value of the SSY indicate a relocation of the main sources of sediments, with a general increase in rates associated with hillslopes, and a general decrease associated with the main overland flow pathways and the banks of the Arnás River (Fig. 6 ). These changes can be explained by the spatially distributed changes in the SDR, which showed an increase in the transport capacity for 71% of the study surface area, while only 26% of the surface area retained the same delivery ratio as that predicted for existing conditions. Although changes in soil erosion, sediment delivery and yield were evident between the land management scenarios, the estimated percentages of intra-basin stored sediments (ISS W ) remained similar, with only small increases (4.4% and 3.4%, respectively) predicted under the VR-sc and SC-sc scenarios relative to the existing scenario. Analysis of the consequences of the two land management scenarios on soil erosion processes and sediment production suggests that the best management practice may be to merge the positive effects of natural plant succession (reducing the amount of exported sediments) and the fire-risk mitigation effects of scrub clearance practices, as used in other Spanish regions contributing to the maintenance of cattle and of a density of human population necessary for improving biodiversity and landscape quality.
Conclusions
Coupling of the RUSLE and SEDD models of soil erosion and sediment transport facilitated prediction of the rates of sediment yield at the outlet of the Arnás River catchment over seven water years, as evidenced by the significant correlation coefficient with rates measured in the field. This approach appears to be suitable for estimating annual values of soil erosion and delivery in monitored and unmonitored catchments of small and medium size in mountainous environments. The results can be used to assess the relative effects of land cover changes on soil erosion, and will be useful in risk analysis. The main shortcomings of the approach used in the study are related to (i) application of the C-RUSLE factor for those areas where small patches of bare soil are interspersed in scrublands, (ii) the specific processes that take place in the gullies and river talus, and (iii) the sediment delivery capacity of the permanent water streams. Analysis of the maps of the spatial distribution of soil erosion and sediment yield showed that only a small percentage of the study area was affected by high rates of soil loss. The main source areas for detached particles were the alluvial deposits, the areas of bare soil, and the unpaved trails and pastures. In contrast, the forest, scrubland and meadow areas gave effective protection to the soil against detachment and transport.
Under the scenario of natural plant recovery a decrease is expected in soil loss, sediment delivery and sediment yield. Conversely, these factors are predicted to increase under the scrub clearance scenario. We suggest that scrub clearance combined with recovery of the natural vegetation along contour lines, to create buffer strips, would be effective in retaining eroded soil particles. This represents an additional approach to reorganization of land management systems, with the aim of improving the sustainability of large infrastructure, such as the Yesa reservoir, while providing a framework of effective support practices to maintain the human population and cattle production. Future research should focus on monitoring and modeling the effects of land use, management changes and climate change on the processes of soil erosion and sediment yield in the Arnás River catchment. 
